Abstract: Dextromethorphan was N-demethylated using the non-classical Polonovski reaction under continuous flow conditions, in two steps: initial N-oxidation with mchloroperbenzoic acid followed by iron-catalysed N-demethylation of the resulting N-oxide.
Introduction
N-Demethylation is a important chemical transformation in organic synthesis, which has particular utility in the field of alkaloid chemistry. [1] A range of procedures has been developed for the N-demethylation of tertiary N-methylamines, including the von Braun reaction, [2] the use of chloroformate [3] and azodicarboxylate [4] reagents as well as photochemical, [5] electrochemical, [6] and biochemical [7] procedures. Another method for the N-demethylation of tertiary N-methylamines is the Polonovski reaction. This reaction was first reported in 1927 for the N-demethylation of tropane N-oxide derivatives [8] and has subsequently proven to be a versatile method for the N-dealkylation of numerous tertiary amines, including a wide range of N-methyl alkaloids. [1, 9] This reaction initially involves Noxidation of the N-methylamine to the corresponding amine N-oxide (typically using hydrogen peroxide or a peracid), followed by treatment with an activating agent. There are three main categories of activating agents, namely acylating agents (acid anhydrides, acid chlorides or chloroformate esters), iron salts and sulfur dioxide. The term "classical"
Polonovski reaction refers to the use of acylating agents, where the tertiary amine-N-oxide reacts with the acylating agent to ultimately form a N,N-dialkyl acetamide, which can be subsequently hydrolysed to the corresponding secondary amine (Scheme 1).
Scheme 1. N-Demethylation of tertiary N-Methylamines using the Polonovski Reaction
In the "non-classical" Polonovski reaction, the N-oxide is reacted with an iron(II) salt or complex, or iron(0), which effects successive one electron transfer steps and ultimately affords the corresponding iminium ion that is hydrolysed to yield the N-demethylated product. [9] This approach was used for the N-demethylation of the Amaryllidaceae alkaloid, galanthamine (1) (Fig. 1) , [10] which had previously proven to be problematic using other methods. [11] Galanthamine is a competitive acetylcholine esterase inhibitor that is used in the treatment of Alzheimer's disease and its N-demethylation was conducted as part of a structure-activity study of this class of compound. [10] It was initially converted to the corresponding N-oxide and subsequently treated with FeSO 4 •7H 2 O to give Nnorgalanthamine in 76% yield.
The non-classical Polonovski reaction has been used for the N-demethylation of a range of opiate alkaloids, [12] [13] [14] [15] [16] [17] [18] [19] [20] some of which are important precursors of semi-synthetic pharmaceuticals such as buphrenorphine, naltrexone and naloxone. For example, the oxidation of thebaine 2 to thebaine N-oxide followed by reaction with two molar equivalents of FeSO 4 •7H 2 O afforded N-northebaine in 74% yield. [12] Other iron(II) complexes have also been reported to effect transformations of this type. Catalytic amounts of tetrasodium 5,10,15,20-tetra(4-sulfophenyl)porphyrinatoiron(II) effected the Ndemethylation of thebaine (following conversion into the N-oxide) in a comparable yield of 72%. [14] This reaction proved most reliable when the air sensitive catalyst was maintained in an acetate buffer. [15] It was later found that the relatively inexpensive and air stable iron complex, ferrocene, was also an effective catalyst for this reaction; affording N-northebaine in 84% yield. [16, 18] More recently, it was discovered that iron(0) in the form of iron powder as well as stainless steel can also serve as effective catalysts for Polonovski-type reactions. [17, 19, 20] A number of tertiary N-methylamines, including thebaine, codeine methyl ether and dextromethorphan and atropine, were N-demethylated in >80% yield using this methodology. Furthermore, the N-demethylation of the dopamine D2 receptor agonist, apomorphine 3, [21, 22] the antipsychotic agent, cyamemazine 4, [23] and the antitussive drug and potential anticancer agent, noscapine 5 have all been recently successfully N-demethylated in high yield using the non-classical Polonovski reaction in medicinal chemistry studies.
The development of new tools and technologies for organic synthesis is driven in part by the need for improved chemical manufacturing processes. Continuous flow and micro-reactor technology has been recognised as an attractive alternative to conventional batch processing. [24] [25] [26] [27] [28] Some of the advantages of using flow chemistry stem from the greatly increased surface to volume ratio of the reaction. This leads to improved heat transfer, rapid and efficient mixing, safer handling of hazardous materials, and faster reaction times.
The continuous nature of flow chemistry is inherently compatible with telescoping of reaction sequences and scale-up of processes, and also lends itself to the increased use of automation. Using solid-supported reagents and scavengers in combination with flowprocessing techniques can allow telescoping of reactions or in-line removal of by-products to both increase the purity profile of the output product stream and potentially avoid the need for subsequent purification. [29, 30] We have previously described the synthesis of complex molecules, [31] and reactions with reactive intermediates, [32] which benefit from the flow chemistry approach. The Polonovski reaction has not been attempted using flow chemistry, but such an approach has great potential; particularly in the industrially important manufacture of bioactive alkaloids. We were therefore interested to evaluate if the demethylation of N-methyl alkaloids could be achieved under continuous flow conditions using the iron-catalysed Polonovski reaction. Dextromethorphan was chosen as a representative, non-regulated, N-methylated alkaloid substrate.
Results and Discussion
The studies were initiated by investigating the iron-catalysed N-demethylation of dextromethorphan N-oxide 6. In these studies, a solution of 6 (0.5 mmol, 2 mL solvent) was loaded into a sample loop (2 mL) of the flow chemistry reactor system. The stream was then directed into a glass column (12 mL) packed with a mixture of Fe(0) (iron powder, BDH, 90 mesh) and sand, which was used to disperse the iron powder throughout the entire volume of the column. The column was placed within the glass heating manifold on the system to enable heating above ambient temperatures, followed by a 100 psi back-pressure regulator (BPR); shown schematically in Figure 2 . Table 1 . In the presence of four equivalents of Fe(0), and at 20 °C with two hours residence time, a low conversion to 7 was observed. Increasing the temperature to 80 °C increased conversion to 44% (entries 1-2).
Doubling the residence time to four hours had a minimal effect on the conversion at room temperature and elevated temperature (entries 3-4). Reducing the residence time to two hours and concomitantly increasing the equivalence of iron catalyst to 10 and fold, respectively, resulted in an appreciable increase in conversion at 80 °C (entries 5 and 6). Kok and Scammells previously reported that the N-demethylation of a related alkaloid, oripavine-N-oxide, by a non-classical Polonovski reaction was highly solvent dependent. [19] Using their reported optimum solvent system (CHCl 3 /iPrOH, 3:1) resulted in a further conversion improvement to 92% (entries 7-10). When the ratio was reduced to 1:1 CHCl 3 /iPrOH, the conversion was reduced to 81% (entry 11), which is consistent with the previous report of solvent sensitivity for this reaction. The addition of the co-catalyst FeCl 3 (13 mol%) to the N-oxide did not significantly influence conversion with a residence time of two hours at 80 °C (compare entries 7 and 12), however the presence of the co-catalyst permitted a reduction in residence time to one hour without the loss in conversion yield (entries 12 and 13). The conditions established in entry 13 (Table 1) were determined to be a good balance between conversion, residence time and equivalents of Fe(0). It should be noted that the optimal ratio of Fe(0) probably depends on the particle size, and hence surface area, of the iron powder.
We next examined the synthesis of dextromethorphan N-oxide 6 in flow. We envisaged that passing a solution of dextromethorphan 8, in the CHCl 3 /iPrOH system, through a column of oxidant such as sodium percarbonate (SPC) or Oxone™ would efficiently accomplish this transformation. Unfortunately the SPC reaction resulted in a very rapid, uncontrollable pressure expansion causing the glass column to shatter. Oxidation reactions using SPC in isopropanol, and even water, have been reported. However, the ready liberation of H 2 O 2 from SPC can lead to violent exothermic reactions if SPC is mixed as a solid in excess with oxidisable substrates. [33] We speculate that the high local concentration of the solid SPC in the column resulted in a runaway oxidation reaction with either isopropanol, dextromethorphan, or both. While the flow reactor instrumentation detected the increase in pressure and shut down the pumps and heating unit, the reaction and pressure build-up continued until the column ruptured.
We therefore turned our attention to a solution-based oxidation system, where any exotherm could easily be controlled due to the high 'surface area to volume ratio' of the flow reactor. Accordingly, a series of experiments was undertaken to determine optimal Table 2 . At room temperature, the conversion was dependent on residence time (entries 1-3), with good conversion observed for the formation of the N-oxide with one hour residence time.
We next performed a temperature screen (entries 2, 4-7) and discovered that increasing There are a number of unit operations required for this reaction in a batch process. These include the synthesis and isolation of N-oxide followed by treatment of isolated material with Fe(0), removal of Fe salts, isolation of crude product, and flash chromatography to purify the N-demethylated material. This has now been transferred to a continuous, telescoped process, requiring only a single unit operation in addition to a short SiO 2 column to yield pure product.
Conclusion
The continuous flow conditions offers benefits in both telescoping the two steps into one and for scalability of the process. Work is now continuing in our laboratories to extend this general method to a broader range of alkaloid substrates of pharmaceutical importance and we intend to report on these in the future.
Experimental
Flow reactions were performed with a Vapourtec® R4 /R2+ instrument (www.vapourtec.co.uk), using PFA tubing with a 1.6 mm outer diameter and 1 mm inner diameter. Omnifit® glass columns (www.omnifit.com) were used for supported reagents and in-line purification. NMR spectra were recorded at room temperature on a Bruker AV400 spectrometer operating at 400MHz for 1 H and 100.6 MHz for 13 C, using CDCl 3 as solvent and internal reference. Iron powder (BDH, 90 mesh) was obtained from Merck.
Dextromethorphan N-oxide and N-nordextromethorphan produced in this work were spectroscopically identical to that previously described. [14] The N-nordextromethorphan was purified by flash chromatography (SiO 2 , 60 mesh) with a 75:25:1 CHCl 3 /MeOH/NH 3 solvent mixture, to remove the parent dextromethorphan side-product. Electron-impact mass spectra were run on a ThermoQuest MAT95XP mass spectrometer using ionization energy of 70 eV. Commercial reagents were used without further purification, and anhydrous solvents were obtained by passing them through columns of activated alumina or purchased from commercial suppliers.
